Initial empirical results are presented for the hot-ion plasma heating experiments conducted in the new SUMMA (Superconducting Magnetic Mirror Apparatus) at NASA Lewis Research Center. A discharge was formed by applying a radially inward DC electric field near the mirror throats. Data were obtained at midplane magnetic flux densities from 1.0 to 3.5 tesla. Charge-exchange neutral particle energy analyzer data were reduced to ion temperatures using a plasma model that included a Maxwellian energy distribution superimposed on an azimuthal drift, finite ion orbits, and radial variations in density and electric field. Using this plasma model, the highest ion temperatures computed were 5 keV, 1.2 keV, and 1 keV for He+, H, and H+, respectively. These were obtained at a midplane magnetic flux density of 1.6 T. Ion temperature was found to scale roughly as (PIB)n, where P/B is the ratio of power input to magnetic flux density and n is about 1 for hydrogen and 2 for helium. Optical spectroscopy line-broadening measurements yielded ion temperatures about 15 percent higher than the chargeexchange neutral particle analyzer results for hydrogen and about 50 percent higher for helium. Spectroscopically obtained electron temperatures ranged from 3 to 30 eV.
Introduction
This report presents the initial experimental results on a steady-state hot-ion plasma source operated in the SUMMA facility.1 The plasma was heated by a process similar to that in the Burnout2 experiments conducted at the Oak Ridge National Laboratory. Ion temneratures up to a few keV and ion densities up to 1013 cm-3 have already been reported for this process.2 At NASA, the Burnout process was reproduced in a mirror facility designated HIP-13$4 (Hot-Ion Plasma) with a 1.5 T midplane magnetic flux density and a 1.8 mirror ratio. In HIP-1 it was found that tungsten cathodes and stainless-steel anodes yielded better ion heating than the original carbon electrodes.4 It was also demonstrated in HIP-1 that on-axis and off-axis sources could be operated simultaneously.4 A charged particle density 212x1012 cm-3 was measured on HIP-1 with a microwave interferometer. This density was consistent with the lower limits measured in previous Burnout experiments 2 According to the scaling relations developed for Burnout, 2 plasmas with ion temperatures in excess of 10 keV and densities of 1014 cm-3 were predicted for the ultimate magnetic field strengths in SUMMA. These scaling relations will be tested in SUMMA.
At present, SUMMA provides a midplane magnetic flux density up to 3.5 T which is forty percent higher than in any previous Burnout experiment. The ultimate design midplane field is about 5.0 T. Since the ion density may scale as the square of the magnetic field, the high fields available in SUIMA are quite attractive. One of the obijects of the present empirical study was to determine how ion heating is affected by the higher magnetic fields.
In these experiments, energy is coupled to the plasma by applying a radially inward DC electric field near the mirror throats. The mutually perpendicular electric and magnetic fields cause the plasma to rotate (drift) in the azimuthal direction. According to the theory of Hirose and Alexeff5 an azimuthal current exists because of a drift velocity difference between ions and electrons. This current combined with a radial density gradient leads to the growth of electrostatic azimuthal waves near the lower hybrid frequency. Good agreement was demonstrated between an experimentally measured correlation function and one computed on the basis of the theoretically predicted dissipative drift mode instability.2 Hirose and Alexeff postulate that ions are heated in planes perpendicular to the applied magnetic field by the electric fields of these waves.
In another hot-ion plasma device that is driven by crossed electric and magnetic fields, the modified Penning discharge, Rothg observed a low frequency ion spoke rotation and developed a scaling relation for the ion temperature. However, in neither the work of Hirose and Alexeff nor Roth were any intrinsic limits to the ion temperature predicted. In the Burnout experiments, the experimentally observed ion temperature limits appeared to be determined by overheating of the anodes. Anode overheating was followed by a rapid increase in electrode current such that steady-state could not be maintained, or electrical arcing developed. One of the purposes of the present experiments was to determine if water-cooled anodes would alleviate the problem.
Increasing power input to the plasma by raising the electrode voltages and currents, and the attendant electrode heating are among the main considerations of this empirical study. Some of the questions to be resolved are: (1) When is increased power input effective in increasing the ion temperature? (2) In the tests reported herein, only the two inboard magnets were powered because one of the outboard magnets was being rewound. This fourth magnet has now been tested and will be installed.
Plasma Test Section
A schematic view of the plasma test section and magnet configuration is shown in Fig. 1 Figure 1 . -Test section and magnetic held configuration board magnets are drawn with dashed lines since they were not used for the tests reported herein. The discharge chamber is a cylinder 3.75 m in length and 36.6 cm in diameter made from 304 stainless steel. A ten-inch diffusion pump at each end of the test section pumps the system down to about 5x10-7 torr. Both horizontal and vertical diagnostic ports are located near the midplane. They are used for visual observation, charge-exchange neutral particle diagnostics, and optical spectroscopy. Two 25 cm diameter ports at the ends of the test section provide excellent viewing of the plasma via the mirrors shown.
The centerline magnetic field profile is also shown in Fig. 1 . The maximum midplane magnetic flux density was 3.5 T. uncooled and, therefore, the energy they receive by hot-ion and charge-exchange neutral bombardment must be radiated away. The cathodes are located on axis with their tips placed at the peaks of the mirrors. The water-cooled anode rings are toroids with a 3.3 cm major diameter and a 9.5 mm minor diameter and are made from 304 stainless steel tubing of 0.8 mm wall thickness. The anodes are electrically grounded to the test-section walls. Stainless-steel cylindrical anodes similar to those in HIP-12,3,4 were initially tried in SUMMA; they would quickly heat to the melting point while electric current rapidly increased. The melt spots occurred on the cylinder wall and on the cylinder ends facing the midplane. They were subsequently replaced by water-cooled anode rings. the plates. These spectra do not distinguish particles according to mass, only energy. When the detector at position 1 is moved out of the path of the ions, the ions of a given energy pass into a 90 bending magnet, and the various mass species are separated out. Use of the complete analyzer allows one to determine particle current as a function of energy for each mass separately.
The detectors used were Bendix Channeltron electron multipliers similar to model CEM-4039, but with a 3.2 mm cylindrical extension on the front of the entrance cone to give a more uniform response across the entrance aperture.
The NPA sampled from a chord of plasma on the magnetic axis approximately 0.5 cm high (vertical) and 1 cm wide (horizontal).
To obtain the energy distribution within the plasma from the energy distribution, I(e),at the detector output requires a model of the plasma and a knowledge of the energy dependence of those factors that relate the detector current to the chargeexchange neutral current. These factors include the charge-exchange between plasma ions and the neutral background gas, the nitrogen gas stripping celL conversion efficiency, particle detector secondary emission coefficient, and also the effects of plasma rotation, density gradients, and large ion gyroradii. We have attempted to take all of these factors into account in a separate paper.7 In the present report, the NPA data were reduced to ion temperatures inmaccordance with the theoretical model.
Apparatus for Emission Spectroscopy
An f/8.6 Im grating monochromator with a photomultiplier was located at the midplane of the magnetic mirror outside the magnet facility. The line of sight was along a plasma diameter. The centerline of the plasma, which was coincident with the magnet axis, was focused on the entrance slit of the monochromator by means of a lens and beam rotator. The beam rotator (mirrors and prisms) was used to rotate the beam around the line of sight by 900. Hence, the plasma viewed was roughly a slab extending 2 mm above and below the plasma centerline, 26 mm wide (parallel to magnet axis), and of length equal to the plasma diameter (about 54 mm).
Discussion of Results

Neutral Particle Analyzer Results
Effect of electrode voltage. Fig. 4 NPA energy distribution data, I(£) versus £, for helium at five electrode voltages with the magnetic field and electrode current held fixed. In Fig. 4 we see that both the most probable energy, £p, and the half width, AE, increase as the electrode voltage is increased. The detector signal at c , and, therefore, the area under the curves increases with increasing electrode voltage. Thus, both ion temperature and the number of particles reaching the detector increase with increasing power. Since the neutral background pressure was reduced as the electrode voltage was raised (see Table I ), the increased area under the curves suggests that the ion density increases with power.
Therefore, increased power goes into both ion heating and ion production, making this an attractive ion heating device.
The actual shapes of the curves in Fig. 4 are not typical of a simple Maxwellian energy distribution. The flat, low-signal portion of the curves at the low energies suggests a drift motion superimposed on a randomized energy distribution. This is borne out by the plasma model used to reduce the data7 where a drift motion had to be included to obtain a good fit to the data. The solid circles in Fig. 4 were computed from the plasma model;-they show how welL the model can fit the NPA data. Table I lists the plasma discharge conditions, the ion temperature, Ti, and the electric field, E, which were computed from the plasma model. The electric field was computed to give the best fit to every part of the I(e) versus E curve. In the particular data of Fig. 4 , the computed electric fields decreased with increasing electrode voltage which is contrary to what would be expected. If higher electric fields were used, a reasonable fit to the data could have been obtained and the computed ion temperatures would have been lower. To resolve this uncertainty, the electric fields should be measured.
Effect of electrode current. Fig. 5 shows the effect of electrode current (total power supply current) on the NPA energy spectrum for hydrogen HI ions.
The electrode voltage and magnetic field were held constant. While EP is almost constant, the curves broaden and the area under the curves increases with current, and consequently, with power. These results again suggest that increased power is effective in increasing both the ion temperature and the number of ions in the plasma. electrode voltage with midplane magnetic field as a parameter. We see that the ion temperature increases with electrode voltage. The slope of the curves at a given electrode voltage, V, is almost inversely proportional to the magnetic flux density which again suggests that the driving energy is a strong function of V/B. In Fig. 6 the electrode currents were not the same for all three magnetic fields. As the magnetic field was increased, steady-state could only be obtained by operating at lower electrode currents.
Power input was limited by plasma heating of the uncooled floating shields (see Figs. 1 and 2 ). It was visually observed that as the magnetic field was increased the plasma was constricted to a smaller diameter, and the electrically floating shields rapidly heated to yellow or white hot in a thin region around the hole. This heating of the shields was accompanied by rapid current increases such that steady-state discharge conditions could not be maintained. The shields are heated by fast ion and charge-exchange neutral bombardment. At the higher magnetic fields, heating was concentrated on a smaller area and the floating shields reached electron emitting temperatures. It is postulated that when this occurs, a low resistance electrical current path is set up from the cathode tip to the anode. The path envisioned is from the cathode tip along magnetic field lines to the shield, through the shield radially outward across magnetic field lines, and from the shield along field lines to the anode. This low-resistance path will reduce the radial electric fields and therefore, be ineffective for ion heating.
The curves of Fig. 6 indicate that higher electrode voltages and currents are necessary to further increase the ion density and temperature. Ion temperatures do not appear to saturate in Fig. 6 , which presents data for the high-resistance mode. At higher voltages and/or currents, however, the plasma jumps into the high current, low resistance, nonheating mode. This is accompanied by heating of the electrically floating shields as explained above. Thus to achieve higher power inputs in the high-resistance mode, ways must be found to cool the floating shields and/or to prevent the radial currents from flowing in the shields.
The hydrogen plasma results had the same trends with voltage and magnetic field as the helium data of Fig. 6 . But the ion temperatures in hydrogen were lower than in helium. The molecular ion temperature was always higher than the atomic ion temperature for a given plasma condition.
The only charge exchange process which need be considered in calculating the ion temperatures from the NPA data for helium is between ions and the cold neutral helium gas. However, in hydrogen the ions can charge exchange on three different groups of background neutrals. These consist of molecules, atoms formed by dissociation on hot electrode surfaces, and Franch-Condon neutrals1l formed by electron impact dissociation. In calculating the ion temperatures from the NPA data for hydrogen, it was assumed the ion charge exchanged on cold molecular neutrals only.
Dependence of ion temperature on power and magnetic fields. When the ion temperature is plotted against the ratio of power input-to-magnetic flux density for all the data of a given ion species, a trend is made apparent. These plots are shown in Figs. 7, temperature is proportional to P/B raised to about the power of two for helium and the power of one for hydrogen. These results again illustrate the need for much higher voltage and current levels to achieve high ion temperatures at the higher magnetic fields. T'hese results are in qualitative agreement with those obtained by optical line broadening measurements as will be discussed in a later section. Our results show that if a momentum analyzer is not used, and only a composite energy spectrum for all masses is measured, the tail of the distribution could be dominated by the impurity ions and the molecular plasma species. Thus, the temperature inferred from such data may be that of the molecular plasma species and the impurities rather than the desired atomic species.
Optical Spectroscopy Results The ion temperatures for helium and hydrogen obtained from spectral line profiles tend to be higher than those obtained with the NPA. An appreciable part of these discrepancies is probably due to the assumption that cross sections for processes I through IV are independent of energy. The effects of monochromator slit function and magnetic splitting were small. standard deviation above and below the point. The conditions for Fig. 16 were electrode voltage 8.0 to 15.5 kV, total anode-cathode current 0.6 to 1.2 A, pressure 8.4x10-5 to 1.85x10-4 torr, and magnetic flux density 1.07 to 3.52 T. Fig. 16 shows that electron temperature tended to increase with the ratio of electrode voltage to pressure.
Concluding Remarks
An electrode assembly for reliable steady-state operation was developed, and produced ion temperatures up to at least 5 keV in helium and at least 1.2 keV and 1.0 keV for 4 and H+, respectively, in hydrogen.
Ion temperatures were found to scale as (P/B)n, where P/B is the ratio of power input-to-magnetic flux density and n was about 2 for helium and about 1 for hydrogen. To achieve higher ion temperatures at the higher magnetic fields, the electrodes must be designed to operate without arcing at higher voltages and to accommodate higher thermal loads.
The NPA data showed excellent signal-to-noise ratios, and were consistent with a plasma model that was more complete than any model used previously for analyzing NPA results. The model included a randomized distribution superimposed on an azimuthal drift, finite ion orbits, and radial variations in density and electric field strength. Ion temperatures calculated from optical line broadening and from the NPA were in good agreement for hydrogen; for helium the optical results were 50 percent higher than the NPA results.
A very strong mass effect on ion heating was observed with ion temperature increasing about exponentially with mass as the mass went from H+ to He at constant electrode voltage and magnetic flux density.
The high ion temperatures and low electron temperatures, and the increase both in ion temperature and density with increased power, make this an attractive plasma heating method. 
